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In the recent years it has become clear that our genome is not randomly organized and its architec-
ture is tightly linked to its function. While genomic studies have given much insight into genome
organization, they mostly rely on averaging over large populations of cells, are not compatible with
living cells and have limited resolution. For studying genome organization in single living cells,
microscopy is indispensable. In addition, the visualization of biological structures helps to under-
stand their function. Up to now, ﬂuorescence microscopy has allowed us to probe the larger scale
organization of chromosome territories in the micron length scales, however, the smaller length
scales remained invisible due to the diffraction limited spatial resolution of ﬂuorescence micro-
scopy. Thanks to the advent of super-resolution microscopy methods, we are ﬁnally starting to be
able to probe the nanoscale organization of chromatin in vivo and these methods have the potential
to greatly advance our knowledge about chromatin structure and function relationship.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction Nevertheless, light microscopy has played an important role inLight microscopy is an enabling technology for biology. It allows
non-invasive visualization of cellular and sub-cellular structures in
multiple colors, in 3D and in living cells. The use of ﬂuorescent
probes such as ﬂuorescent proteins ensures high contrast and high
molecular speciﬁcity. However, the spatial resolution of light
microscopy is inherently limited to a scale comparable to the
wavelength of light due to diffraction. Therefore, it is not possible
to resolve structures smaller than 200–300 nm using visible light
and far ﬁeld optical microscopy.
Chromatin is made of DNA wrapped around the nucleosomes,
which are formed by the core histone proteins H2A, H2B, H3 and
H4. Histone variants can also substitute some of the core histones.
Nucleosomes are compacted together in the chromatin ﬁber and
the histone H1 contributes to this packaging (for details on chro-
matin structure please see [1]). Considering the small size and high
compaction of chromatin inside the nucleus, the 200–300 nm
level of spatial resolution achievable with far ﬁeld optical micro-
scopy is not sufﬁcient for studying chromatin structure.enhancing our understanding of chromatin assembly and dynam-
ics. For example, by targeting inert ﬂuorescent tracers of different
sizes (such as ﬂuorescent protein oligomers or ﬂuorescently
labeled dextrans) into the nucleus, it has been possible to monitor
their dynamics using methods like ﬂuorescence recovery after pho-
tobleaching (FRAP), ﬂuorescence correlation spectroscopy (FCS),
ﬂuorescence anisotropy and ﬂuorescence photoactivation [2–4].
In addition, single particle tracking has also been used to follow
the movement of ﬂuorescent tracers such as quantum dots [2]. The
movement of these tracers mostly occurs via diffusion and can be
hindered by the presence of obstacles created by highly compact
chromatin structures and nuclear crowding. This type of studies
was used to propose that the chromatin inside the nucleus may fol-
low a fractal organization [2,5] since chromatin hinders the diffu-
sion of inert tracers in a size-independent manner. It has also
been shown that histone acetylation increases chromatin accessi-
bility to ﬂuorescent tracers [3].
In addition to using inert tracers, the dynamics of chromatin-as-
sociated proteins such as core and linker histones has also been
monitored using methods like FRAP, FCS and ﬂuorescence aniso-
tropy [6–10]. For example, it has been shown that the linker his-
tone H1 is dynamic and exchanges between bound and unbound
states both in heterochromatin and euchromatin, with a residence
time of several minutes [7,8]. Core histones, on the other hand, are
likely more stable and can reside on the chromatin for longer time
periods [4]. Monitoring ﬁber associated proteins as well as DNA
3024 M. Lakadamyali, M.P. Cosma / FEBS Letters 589 (2015) 3023–3030can also give information on the global organization of chromatin.
For example, it has been shown that mouse embryonic stem cells
(mESCs) have a relatively spatially more uniform chromatin com-
paction compared to differentiated cells, which show more hetero-
geneity [9,11]. Likewise, the reprogramming of the somatic
genome into pluripotency is associated with a removal of epige-
netic barriers and open chromatin [12].
In parallel to these dynamic studies, ﬂuorescence in situ
hybridization (FISH) has been used to label and visualize speciﬁc
DNA sequences. Using multiple ﬂuorophores of different colors to
simultaneously detect and visualize multiple targets
(Chromosome Painting) it was shown that chromosomes are not
randomly organized but occupy discrete territories in the cell
nucleus (for a review see [13]). These methods, while valuable,
provide only an indirect measure of chromatin organization inside
the nucleus and their spatial resolution is limited by diffraction. In
order to directly visualize chromatin structure, techniques with
higher spatial resolution are needed, such as electron microscopy,
electron spectroscopic imaging and small angle X-ray diffraction
[14–17]. However, these methods are invasive, not applicable in
living cells and often lack contrast and molecular speciﬁcity.
2. Super-resolution methods
With the advent of super-resolution microscopy, diffraction
limit is no longer an impenetrable barrier to light microscopy. In
the last decade, several techniques have been developed that over-
come the diffraction limit, extending the spatial resolution of light
microscopy to length scales as small as 10–20 nm, an order of mag-
nitude improvement over conventional ﬂuorescence microscopy.
Super-resolution microscopy methods can be broadly divided into
two categories: those that are based on patterning the illumination
light, such as Saturated Structured Illumination Microscopy –
(S)SIM [18,19] and Stimulated Emission Depletion (STED) [20] or
those that are based on single molecule detection and localization,
such as Stochastic Optical Reconstruction Microscopy – STORM
[21] and (Fluorescence) Photoactivation Localization Microscopy
– PALM and fPALM [22,23]. Most of these methods have been
applied to image chromatin and nuclear organization at high reso-
lution [24–39]. Below, we summarize the concept behind each one
of these methods as well as their strengths and weaknesses and
overview how each method has been used to visualize nuclear
organization.
2.1. Structured Illumination Microscopy (SIM)
SIM takes advantage of patterned illumination light to improve
the spatial resolution of light microscopy [18,19]. Typically a sinu-
soidal pattern of bright and dark stripes is obtained by interfering
two counter-propagating excitation beams and this patterned light
is used for exciting the sample. The sample will have a distribution
of ﬂuorophores corresponding to the sample features that are
labeled. In the frequency space, the small sample features that
are below the diffraction limit correspond to high frequencies,
which cannot be imaged with conventional optics. The patterned
light multiplies with the labeled ﬂuorophore distribution (i.e. sam-
ple features) and this multiplication leads to the appearance of
moiré fringes. These moiré fringes have lower frequency than the
original sample features and therefore they can be imaged by
conventional optics. Knowledge of the original illumination
pattern can then be used to solve the unknown sample features
from the moiré fringes (Fig. 1A) [18].
Conventional SIM leads to only a 2-fold improvement in spatial
resolution, since the patterned light itself is diffraction limited
[18,40]. It is possible to improve the spatial resolution further withthe help of saturation of ﬂuorescence intensity using high laser
powers, however, to date, saturated SIM has not been demon-
strated in biological samples. SIM can also be extended to the third
dimension by using three interfering beams to generate the
patterned illumination along the z-axis in addition to the lateral
(x, y) axis [31]. Despite its modest improvement in spatial resolu-
tion, SIM is excellent for live-cell imaging applications since it pro-
vides high temporal resolution. The low illumination intensity
used in SIM also minimizes phototoxicity and its compatibility
with a wide range of ﬂuorescent probes makes it easy to use genet-
ically encoded ﬂuorescent proteins for labeling intracellular structures.
2.2. Stimulated Emission Depletion Microscopy (STED) and Reversible
Saturable Optical Fluorescence Transition (RESOLFT)
STED uses a focused laser beam to excite ﬂuorophores within a
diffraction-limited volume. Once excited, a subset of the ﬂuo-
rophores is switched off by forcing them to return back to the
ground state through stimulated emission by using a depletion
beam (STED beam). Importantly, the depletion beam is shaped
to resemble a doughnut, which leads to an effective reduction in
the excitation area to a sub-diffraction region in the center of
the doughnut (Fig. 1B) [20]. To acquire a high-resolution image
of the sample, the excitation and the depletion beam are then
scanned point by point across the sample. The spatial resolution
of the ﬁnal image depends on many parameters, but most impor-
tantly on the intensity of the STED beam [20], and spatial resolu-
tion in the order of 30–40 nm is typical in biological samples. The
compatibility of STED with a wide range of ﬂuorescent probes
leads to ﬂexibility in labeling. However, in practice, relatively high
laser powers are required for the depletion beam. Therefore, pho-
tobleaching and phototoxicity can become a potential problem
and limit the overall choice of ﬂuorophores to those that are
bright and photostable (e.g. organic ﬂuorophores such as Atto
dyes).
Stimulated emission is not the only saturable optical transition
that can be used for super-resolution imaging with focused light.
The STED concept has been extended to other optical transitions
with the use of photoswitchable ﬂuorescent proteins, for example,
and this more general approach is referred to as reversible sat-
urable optical ﬂuorescence transition (RESOLFT) microscopy [41].
In RESOLFT, ﬂuorescent probes are switched off from long-lived
states compared to the short excited lifetime used in STED.
Therefore, the intensity requirement for the depletion beam is
much lower compared to STED [41]. Recently, fatigue resistant ﬂu-
orescent proteins have been developed that can switch between
bright and dark states over thousands of cycles [42,43]. These ﬂu-
orescent proteins work particularly well for RESOLFT requiring
very low light intensities, albeit providing lower spatiotemporal
resolution compared to STED. STED and RESOLFT can both be
extended to 3D imaging and the axial resolution can be improved
by creating a doughnut illumination also along the z-axis [44].
While it is possible to achieve isotropic resolution in all three
dimensions with this approach, 3D STED is technically more chal-
lenging to implement than 2D STED.
2.3. Single Molecule Localization Microscopy (SMLM)
Methods such as STORM and PALM [21–23] take advantage of
single molecule detection and localization to break the diffraction
limit. We will refer to these methods as Single Molecule
Localization Microscopy (SMLM) since they share the same basic
concept. The position of a single ﬂuorescent probe can be localized
with very high precision (nanometer) determined mainly by the
number of photons collected from that probe [45,46]. However,
this concept by itself is not sufﬁcient to improve image resolution,
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Fig. 1. Working principle of the different super-resolution methods. (A) Structured Illumination Microscopy (SIM). The ﬁne spatial details in a sample appear as higher
frequency information in the Fourier space. If two ﬁne patterns, one belonging to the sample features and one belonging to the patterned illumination, are superimposed, the
two patterns multiply creating what is known as moiré fringes. These moiré fringes are much coarser (lower frequency) than the two patterns and will be observable with
conventional optics. Since the details of the illumination pattern are known, the details of the sample features can be back calculated from the resulting moiré fringes. (B)
Stimulated Emission Depletion Microscopy (STED). A focused excitation beam is superimposed with a doughnut shaped depletion beam (STED beam). The STED beam
switches ﬂuorophores off, and the ﬂuorescence signal only comes from a small conﬁned region in the center of the doughnut, therefore reducing the effective illumination
spot. (C) Single Molecule Localization Microscopy (SMLM). Fluorophores are iteratively switched on, their positions are identiﬁed by ﬁnding the center position of their
images and ﬁnally they are switched off. Repeated on-off switching and localization allows reconstruction of the underlying structure at high resolution.
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ﬂuorescent probes whose images overlap and cannot be distin-
guished. Therefore, in a densely labeled biological sample, it is nec-
essary to separate the emission of many overlapping ﬂuorescent
probes over time. This separation can be achieved with the help
of photoswitchable ﬂuorescent probes [47,48]. These are probes
whose ﬂuorescence can be switched between bright and dark
states using light illumination. At any given time, most of the ﬂu-
oropores are in a long-lived dark state [49]. Only a small subset of
these ﬂuorophores is stochastically activated into the ﬂuorescent
state by excitation with a given wavelength of light (often UV illu-
mination) [49]. As a result, the single molecule images of this small
subset of molecules do not overlap and their positions can thus be
determined precisely. By repeating the process of activation, imag-
ing and de-activation for several cycles, a super-resolution image
can be reconstructed from molecule positions (Fig. 1C) [49].
Localization based methods, therefore, require the use of ﬂuo-
rescent probes that can be photoswitched between bright and dark
states. Today, there is a wide choice of these ﬂuorescent probes,
ranging from photoactivatable, photoconvertible or photoswitch-
able ﬂuorescent proteins to photoswitchable organic ﬂuorophores
[50,51]. Fluorescent proteins are typically dimmer than small
organic ﬂuorophores and lead to lower spatial resolution since
the localization precision depends on the number of photons col-
lected. Depending on the ﬂuorescent probe used, it is possible to
achieve a spatial resolution in the order of 20–40 nm and a tempo-
ral resolution of 0.5–10 s (in live cell imaging) [52]. In addition, it is
also possible to improve the axial resolution. A typical way to
extend SMLM imaging to the third dimension is by placing cylin-
drical lens in the imaging path [53]. Due to astigmatism, molecules
that are above and below the focal plane will appear elliptical andthe ellipticity will be either in the horizontal or vertical directions.
With proper calibration, the ellipticity of each molecule can be
mapped to the molecule’s z-position. This method can achieve an
axial resolution of 50 nm over a range of 800 nm (400 nm
above and below the focal plane) [53]. It is also possible to combine
astigmatism with a dual-objective geometry in order to capture
more photons and improve the z-resolution to about 20 nm –
however, at the expense of imaging depth [54]. Astigmatism
belongs to a subset of methods referred to as point spread function
(PSF) engineering. Instead of engineering the PSF to be elliptical, it
is also possible to generate other PSF types, such as a double helix
[55]. In this case, the pitch of the double helix changes based on the
molecule’s distance from the focal plane. Finally, an interferomet-
ric method, in which photons from a single molecule collected
through two opposing objectives are allowed to interfere
(iPALM), has also been used for 3D super-resolution imaging, pro-
viding an impressive axial resolution of 10 nm but at the expense
of imaging depth and technical simplicity [56].
3. Fluorescent labeling for visualizing the chromatin structure
at high resolution
Sample preparation and labeling are in general highly impor-
tant in ﬂuorescence microscopy but super-resolution microscopy
puts further demands on the type of labeling required. The spatial
resolution is directly linked to the labeling density through the
Nyquist criterion [57,58]. The labeling density must be high
enough such that the average distance between individual labels
is half the desired spatial resolution (Fig. 2). In addition, while
common ﬂuorescent probes are readily useable for SIM, other
super-resolution methods such as STED and SMLM have more
Increasing Label Density 
Fig. 2. The impact of label density on spatial resolution. When the label density is
low, only a few ﬂuorophores will be localized leading to a sparse reconstructed
image that does not reﬂect the underlying structure. As the label density and hence
the localization density increases, the reconstruction will more faithfully capture
the underlying structure. According to the Nyquist criterion to reach a given spatial
resolution, the distance between individual labels (or localizations, the crosses in
the ﬁgure) should be at least half the desired spatial resolution.
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In the case of STED, bright, photostable ﬂuorescent probes that
have emission spectra matching the depletion laser wavelength
are needed. SMLM requires the use of bright photoswitchable ﬂu-
orescent probes that have low duty cycle (i.e. spend most of their
time in the dark state) [59]. These demands restrict the overall
choice of ﬂuorescent probes to only a few options, making multi-
color super-resolution imaging more challenging [60].
3.1. Labeling of chromatin associated proteins
To visualize chromatin, one can either label chromatin-associ-
ated proteins such as the core histone proteins or the DNA itself.
Chromatin associated proteins can be tagged with the help of
genetically encoded ﬂuorescent proteins and this type of labeling
provides the easiest option for visualizing chromatin especially in
living cells. However, transient overexpression of tagged proteins
may lead to a number of artefacts such as altered function and mis-
localization of the tagged proteins. Importantly, this strategy is not
quantitative since it does not allow visualizing the endogenous
population of proteins. With the advent of gene editing technolo-
gies, such as zinc ﬁngers [61], TALENs (transcription activator-like
effector nuclease) [61] and CRISPR/Cas9 (clustered regularly inter-
spaced short palindromic repeats coupled with the endonuclease
Cas9) [62], it is now easier to genetically label proteins by modify-
ing their endogenous gene locus. One difﬁculty is the fact that ﬂu-
orescent proteins are dim and less photostable compared to small
organic ﬂuorophores, making them less desirable in particular for
use in super-resolution microscopy.
It is also possible to label chromatin-associated proteins using
small organic ﬂuorophores in conjunction with antibodies. While
this strategy allows the visualization of endogenous proteins, it is
not compatible with imaging in living cells. A promising approach
is to combine genetically encoded tags such as SNAP-, CLIP- and
HALO-tags with small organic ﬂuorophore labeling [63–66].
These tags, which can be fused to the protein of interest, form a
covalent link with a ﬂuorophore-labeled small peptide. In particu-
lar, the recent development of membrane permeable, bright and
photoswitchable small organic ﬂuorophores [67] should make this
approach broadly applicable to image chromatin associated pro-
teins in living or ﬁxed cells with super-resolution.3.2. Labeling of DNA
Imaging the DNA itself at high resolution is more challenging
than imaging chromatin-associated proteins. There are a range of
DNA speciﬁc labels such as intercalating dyes (SYBR Green,
TOTO-1, YOYO-1, SYTO), minor or major groove binding dyes
(PicoGreen), most of which have been shown to be photoswichable
and compatible with localization based super-resolution methods
[25,68]. However, most of these dyes are dim, not very photostable,
and their photoswitching properties (e.g. duty cycle) are not opti-
mal, degrading the spatial resolution that can be achieved.
Furthermore, they are often not penetrant into living cells. An
alternative approach is the use of thymidine analog, 5-ethynyl-
20-deoxyuridine (EdU) or deoxycytodine analog, 5-ethyl-20-deoxy-
cytidine (EdC). These artiﬁcial nucleotides integrate into the DNA
sequence during replication and a ﬂuorophore of choice can be
incorporated using click chemistry [38]. This approach allows the
use of best super-resolution compatible ﬂuorophores to label
DNA globally but is more difﬁcult to use in living cells. A recent
exciting development in labeling speciﬁc gene loci is the use of
TALEs, (DNA binding proteins without endonuclease activity) or
the CRISPR/dCas9 (deactivated Cas9 without the endonuclease
activity) fused with ﬂuorescent proteins. While the TALEs have
been shown to be efﬁcient in labeling repetitive sequences [69],
CRISPR/dCas9 has also been used for labeling non-repetitive
sequences [70]. Both of these labeling approaches are compatible
with super-resolution microscopy (STED and SMLM) depending
on the ﬂuorescent protein used. In addition, the ﬂuorescence signal
can potentially be increased via the use of a recently developed
SunTag [71]. The SunTag system consists of a polypeptide fused
to a protein of interest, which is recognized by a single-chain vari-
able fragment (scFv) antibody. The scFv antibody is fused to a ﬂu-
orescent protein, therefore recruiting multiple copies of the
ﬂuorescent protein to the target via the polypeptide chain. This
system can potentially be used very efﬁciently to label DNA in liv-
ing cells.
Overall, with the development of new ﬂuorophores and differ-
ent approaches for targeting these ﬂuorophores to the chromatin,
super-resolution imaging is already starting to give new insights
into the chromatin structure in different cells.
4. Imaging nuclear organization at high resolution
The nucleosomes are the smallest repeating unit of the chro-
matin ﬁbers and have dimension of 11 nm, therefore well below
the resolution limit of conventional ﬂuorescent microscopy. For
this reason, super resolution microscopy techniques are extremely
useful to study chromatin structure. Here, we will summarize
some relevant examples where different super resolution micro-
scopy approaches have been used.
4.1. Imaging nuclear structures with SIM
SIM was one of the ﬁrst super-resolution methods to be used to
visualize nuclear structures. Using a custom built 3D SIM micro-
scope, which allowed resolution up to 100 nm, chromatin struc-
tures on standard cytological preparations were visualized, i.e.
using DAPI to stain DNA and antibodies conjugated with conven-
tional dyes to label proteins of interest [31]. By this approach, a
remarkable visualization of the chromatin, of the nuclear pore
complexes (NPC) and of the nuclear lamina could already be
achieved at that early time. Fixed mouse C2C12 myoblast cells
were imaged after being stained with DAPI. The ﬁrst interesting
observation was that the DAPI signal was not homogenous (as nor-
mally appeared before in wide-ﬁeld conventional imaging) but
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cally the regions in which DNA was excluded from the NPC. By
imaging the nuclear lamina it was clear that the peripheral hete-
rochromatin was surrounded by the lamina, which in turn was
covered by nuclear pore complexes. The width of 3D-SIM-recorded
NPC was 120 ± 3 nm. Furthermore, with 3D-SIM invaginations of
the lamina structures could also be visualized. This work was
one of the ﬁrst studies reporting precision of measurements of
chromatin components at high resolution [31].
3D-SIM was also used to further study nuclear compartmental-
ization and nuclear function. The distribution of replicating DNA,
nascent RNA, transcribing RNA Polymerase II, histone modiﬁca-
tions associated with active chromatin (such as H3K4me3 and
H4K8Ac) was investigated within the nuclear space of murine
mammary tumor C127 interphase nuclei by 3D-SIM and to some
extent by a version of SMLM (Spectral Precision Distance
Microscopy, SPDM) using the stochastic blinking of conventional
ﬂuorophores like GFP. 3D-SIM showed an interchromatin compart-
ment made of a network of channels and wider lacunas, which was
separated from the compact chromatin domains by the perichro-
matin region constituted of decondensed chromatin. The inter-
chromatin compartment was considered to serve as storage of
proteins, splicing speckles and factors necessary for the function
of the perichromatin region. RNA polymerase II was described to
form clusters in this study with some indication about their
dimension. However, quantitative analysis of these results might
provide in the future more mechanistic information linking func-
tion with nuclear compartmentalization [28].
To translate these studies into the imaging of a concrete para-
digm of a non-transcribed chromatin region, the organization of
the Barr body, i.e. the inactive X chromosome, was visualized by
3D-SIM in human and mouse somatic cells [33]. In this work, a
novel arrangement of the chromatin was postulated. A new chro-
matin compartment called active nuclear compartment formed
by the interchromatin and by perichromatin was found to form
the Barr body. This active nuclear compartment was collapsed in
the Barr body and it excluded RNA polymerase II. Xist RNA foci
were enriched at the boundaries of the collapsed active nuclear
compartments. Time course imaging also revealed the formation
of Barr body during differentiation of undifferentiated female
Embryonic Stem Cells (ESCs). Xist RNA were initially found in close
association with RNA Polymerase II in decondensed chromatin.
Progressively until day 9 of differentiation, upon spreading of
Xist, RNA Polymerase II was excluded from Xist territories when
ﬁnally the Barr body emerged [33].
4.2. SMLM and the visualization of the chromatin ﬁbers
Besides 3D-SIM, SMLM based super resolution microscopy
methods have also recently been used to visualize nuclear organi-
zation. For example, stochastic light switching of Green
Fluorescent Protein (GFP) (SPDM) was used to analyze distribution
of H2B in HeLa and human ﬁbroblasts [24]. This study has been one
of the ﬁrst attempts to image histones at high resolution within
intact nuclei. In both cell lines histones showed a nuclear distribu-
tion signiﬁcantly different from random on a scale of <100 nm.
However, remarkable different distribution patterns were noted
in this study depending on whether H2B fused to GFP was overex-
pressed in HeLa cells from a plasmid or it was stably integrated.
The authors did not discuss the biophysical differences between
the two different GFPs used, Emerald Green Fluorescent Protein
(emGFP), overexpressed as H2B-emGFP fusion protein versus
GFP, stably integrated as H2B-GFP. emGFP is a GFP variant with
improved photostability and brightness, thus different photo-
bleaching properties are likely associated to the two proteins.
Density ﬂuctuations of localized histone proteins were alsoanalyzed and found to be in the range of >1–2 lm, which was
related to differences in large-scale chromatin compaction [24].
The use of EGFP instead of phoswitchable proteins for super res-
olution microscopy was also shown by Matsuda and co-workers
[72]. Here, the authors demonstrated that EGFP can be efﬁciently
converted from green to red when exposed to blue light and in
the presence of riboﬂavin. A speciﬁc medium, called RiMOS, con-
taining riboﬂavin, methionine, and an oxygen scavenger was opti-
mized to favor efﬁcient photoconversion. Using this medium,
denoising/deconvolution conditions and EGFP fused to H2AvD
(an abundant H2A variant), super-resolution reconstruction of pro-
metaphase/metaphase chromosomes in Drosophila embryos was
achieved. Clearly resolved clusters of localizations called ‘‘ﬁbrous
structures’’ were evident and shown to have cross-section diame-
ter of 70 nm.
Super-resolution imaging of histones and other nuclear struc-
tures in living cells is certainly one of the most interesting direc-
tions to take in the next coming years, although it is very
challenging to achieve both high spatial and high temporal resolu-
tion while minimizing phototoxicity of cells to the laser lights.
Nonetheless, live cell imaging of histone proteins at nanoscale res-
olution has been demonstrated at the proof of concept level [66].
For this, living HeLa cells overexpressing H2B fused with
Escherichia coli dihydrofolate reductase (H2B-eDHFR) were incu-
bated with a speciﬁc chemical tag, trimethoprim (TMP) that has
high afﬁnity for eDHFR. TMP was linked to the organic ﬂuorophore
ATTO655, which has properties compatible with SMLM. Analysis of
HeLa nuclei showed that clusters of localizations were resolved
and these clusters were separated by distances of 100 nm. Here
the authors describe their results by indicating that they could dis-
criminate adjacent ‘‘histone core proteins’’. However, to extrapo-
late how many core nucleosomes were present for each cluster
was not possible without a quantitative analysis. By reconstructing
super-resolved images from subsets of raw data frames using a
sliding window algorithm, videos of movements of nucleosome
clusters were also recorded. The histone clusters moved at
3 nm s1 speed in the interphase nuclei [66]. This work repre-
sents a pioneer study for the imaging of histones in living cells.
However, the signiﬁcance and relevance of the extracted parame-
ters for chromatin organization and dynamics are not discussed
in detail, but rather the emphasis is placed in the use of small tai-
lored organic ﬂuorophores for their use in live cell super resolution
imaging.
Although an impressive level of resolution in the visualization
of chromatin structures was reached in the above studies, the visu-
alization of nucleosomes was not quantitative. Very recently,
endogenous H2B was imaged by SMLM in a large collection of ﬁxed
and living cells [30]. The chromatin ﬁbers were visualized at
nanoscale resolution in human ﬁbroblasts (hFbs) before and after
transcriptional activation, in human induced pluripotent stem cells
(hiPSCs), in mouse embryonic stem cells (ESCs), in a number of dif-
ferent ESC mutants and in mouse neural precursor cells (mNPCs).
Importantly, the nucleosomes across the ﬁber were quantiﬁed
after building a SMLM-based calibration curve, which allowed
relating the single molecule localization numbers to the number
of nucleosomes. Using this kind of quantitative analysis, a new
model of chromatin assembly was identiﬁed. Nucleosomes
arranged in heterogenous groups, which the authors named
‘‘nucleosome clutches’’ which were separated by nucleosome-
depleted regions (Fig. 3). The median number of nucleosomes per
clutch and their density was cell speciﬁc. Pluripotent cells, such
as mESCs and hiPSCs and transcriptionally activated hFbs had less
dense clutches containing a lower number of nucleosomes with
respect to somatic cells, such as mNPCs and hFbs. Furthermore,
distribution of RNA Polymerase II and of histone H1 was also
studied. RNA Polymerase II associated with the smallest clutches,
Fig. 3. Comparison of conventional ﬂuorescence image (upper) and super-resolution (STORM) image (lower) of core histone H2B showing the arrangement of nucleosomes in
a ﬁbroblast nucleus. A zoom of the region inside the yellow rectangle is shown to the right. A cluster identiﬁcation algorithm is used to automatically group localizations into
clusters (colored crosses) and segment nucleosome clutches in the super resolution image.
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ger ones, which were recognized to be the closed heterochromatin.
Finally, computer simulations using parameters extracted from
experimental data allowed to estimate the nucleosome occupancy
of the DNA ﬁber, which was 60% in hFbs and 45% in transcription-
ally active Fbs [30]. In this work, the ability to visualize and count
the nucleosome number across the chromatin ﬁber allowed the
depiction of a novel model of chromatin assembly and the correla-
tion between structure of the ﬁber and cellular phenotype.
In addition to histones, SMLM was also used to image DNA in
living cells. U2OS cells were labeled with the cyanine-based pico-
green dye and imaging was performed with an optimized live cell
imaging medium containing ascorbic acid and an oxygen scaveng-
ing system [39]. This medium promoted efﬁcient reversible photo-
switching of the ﬂuorophores and enabled a resolution of 70 nm.
Time-lapse STORM video performed by taking frames each
10 min to allow picogreen ﬂuorophores to recover from dark states
showed local rearrangement of the DNA ﬁbers [39]. Although pico-
green has several advantages over other DNA dyes, such as its min-
imal perturbation of the DNA structure and the possibility to be
used in living cells, it is however relatively dim leading to lower
resolution. Therefore, it is not possible to visualize single DNA
ﬁbers, which is highly desirable.
Super resolution imaging of DNA has been also performed in
HeLa cells grown in a medium containing 5-ethynyl-20-deoxyuri-
dine (EdU), which is incorporated in the DNA in the place of thymi-
dine [38]. The cells were ﬁxed and subjected to click chemistry
reaction of the EdU with an azide-group labeled ﬂuorophore
Alexa Fluor 647. Super resolved maps of DNA ﬁbers were evident
at an unprecedented resolution. High structural heterogeneity
within different areas of the nucleus was shown. To image single
ﬁbers of DNA, pulse labeling of the nascent DNA was carried out
and ﬁlamentous structures of an average length of 0.6 lm were
reveled [38]. EdU-based labeling and click chemistry could reach
a very high resolution of DNA imaging, much higher than the one
obtained with DNA dyes. However, although theoretically possible,
click chemistry has not been used for living cells, which constitutes
a limitation for this method.
Finally DNA within chromatin spreads isolated from interphase
HeLa cells was visualized with a SMLM based method (Binding
Activated Localization Microscopy, BALM) that uses the binding/
unbinding of YOYO-1 dye instead of photoswitching to achievethe sparse labeling and imaging of single ﬂuorophores over time
[32]. Chromatin ﬁber of width ranging from 80 to 150 ± 40 nm
were visualized when the chromatin spreads were prepared from
cells cultured without or with serum, respectively. This difference
in width was believed to be due to the different transcriptional
states, active versus quiescent, of the cells. RNA Polymerase II
was also imaged and found to be enriched in gap structures across
the DNA spreads, which were considered to be the site of active
transcription [37].
Besides chromatin, SMLM has also been used to visualize other
nuclear structures, such as nuclear pore complexes, NPCs. SMLM
provides a spatial resolution of 10–30 nm, which is comparable
to the size of a NPC and does not allow visualizing the position
of individual subunits with respect to one another within the
NPC. To overcome this problem, Szynborska et al. combined many
images of individual NPC and using single particle averaging,
reached an impressive resolution of 1 nm [35]. This type of particle
averaging in combination with SMLM was also previously shown
to improve the spatial resolution and allow visualization of the
eightfold symmetry of the NPC [27]. Visualizing the orientation
of different NPC subunits allowed Szynborska et al. to propose
ahead-to-tail arrangement of the Nup107–160 complex along the
circumference of the pore in the cytoplasmic and nucleoplasmic
rings [35]. The level of resolution reached in this work was possible
thanks to the regular and symmetric structure of the NPC.
4.3. The bacterial chromosome
In the recent years, super-resolution microscopy has also played
an important role in the visualization of various proteins and sub-
structures in bacteria, including the bacterial chromosome binding
proteins (nucleoid-associated proteins, NAPs) and the bacterial
DNA. Thanks to these super-resolution studies, our view of the
‘‘unstructured’’ bacterial DNA is being continuously revised and
modiﬁed. In particular, two studies have pointed towards a high
level of organization of the bacterial genome.
Using the SMLM approach, Wang et al. studied the distribution
of various ﬂuorescent protein (mEos2) tagged NAPs inside the
E. coli nucleoids [36]. They found that, while some NAPs such as
HU appeared homogenously scattered in the nucleoids, H-NS,
which is a global transcription silencer, formed compact clusters.
The genes regulated by H-NS were sequestered inside these
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tial folding and condensation of the bacterial DNA and might shape
the 3D architecture of the bacterial chromosome.
The EdU labeling and subsequent click chemistry approach,
which was shown to be very efﬁcient for labeling the eukaryotic
DNA [29,38], was also demonstrated to be useful for labeling the
DNA of E. coli [34]. Once again, combining this labeling strategy
with SMLM, it was shown that the bacterial DNA is organized into
cell-cycle dependent hetero-structures, including helices, horse-
shoe structures and square structures [34]. These structures
seemed to be attached to the bacterial membrane. The existence
of these ordered structures can be taken as evidence for substantial
spatiotemporal organization of the bacterial DNA at various stages
of the cell cycle.
Similar to the eukaryotic genome, super-resolution methods
will likely play an important role in the near future for unravelling
the mechanisms of bacterial chromosome organization.
5. Conclusions and perspectives
The visualization of chromatin components, such as different
histone types, histone variants, DNA, RNA polymerase II, factors
belonging to the transcription machinery and RNAs at nanoscale
resolution in single living cells will clearly provide us with much
more understanding about how genes are activated or repressed.
We are still in very early days, however, the advent of the SMLM
has already made the visualization of these components at
unprecedented resolution possible. We need to develop more
quantitative methods, which can allow us to build predictive mod-
els about gene function. What we have learnt from the genomic era
is already quite advanced; instead the discoveries generated from
the use of super-resolution microscopy methods are just in their
infancy. As these methods and their application to chromatin visu-
alization evolve, we predict that the emerging information will
complement and enhance the genomic data. There are challenges
ahead, such as improving the temporal resolution without induc-
ing phototoxicity to use these methods in living cells, correlating
information at the dynamic and super-resolution level [73,74],
improving throughput to acquire large sets of data and developing
ways to extract quantitative information from the images [75].
Despite these challenges, our prediction is that, in the near future,
by literally viewing how chromatin ﬁbers change and how genes
are activated/repressed we can better understand a number of pro-
cesses associated to cellular physiology and dysfunctions.
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